The "Laboratorio de Caminos" of the Technical University of Catalonia (UPC) has developed a new test, the BTD (Barcelona Tracción Directa) test. This testing procedure allows the characterization of fatigue cracking and studying its relationship with the toughness of different bituminous mixtures. By carrying it out in the static mode, we can obtain the load-displacement curves, specific fracture energy, maximum tensile strength and their breaking deformation "dR", which characterises each mixture. Otherwise, in the dynamic mode, we obtain new direct tensile fatigue laws as well as stiffness modulus and the accumulated deformation curves where we found an essential data: the critical deformation "dC". This parameter dC represents the point from which cracking spreads very quickly and corresponds to the plastic deformation from which the microdamage caused by fatigue continues with the formation and propagation of a crack.
Introduction
One of the most common damages of the asphalt pavements is the fatigue cracking of their layers. During the life cycle of the pavement, traffic and thermal efforts cause lower stress on the asphalt layers than those which would produce its breaking; however, the repetition of this stresses is what eventually causes their cracking, a mechanism known as fatigue failure.
In order to design the pavement so as to prevent this deterioration mechanism it is essential to know the fatigue cracking resistance of the mixture. This property changes dramatically depending on the kind of mixture, bitumen percentage and type, compactness, grading and nature of the aggregates. Nevertheless, given the difficulty of its evaluation, the fatigue is only taken into account in the mix design in special cases.
The difficulty of evaluating the fatigue cracking resistance of the mixture is due to the complexity of the tests used for its determination. They are dynamic tests for which it is essential to have dynamic presses and highly sophisticated equipment for measuring and data gathering. This is the reason why at the "Laboratorio de Caminos" of the Technical University of Catalonia a study has been carried out in order to correlate the fatigue performance of the mixture with its toughness and breakin deformation by determining it with a simple direct tensile test, the BTD (Barcelona Tracción Directa) Test.
BTD Test. Use for determining toughness and fatigue performance
The BTD test is based on a special procedure for the manufacture of specimens that allows to test them by tension. The specimen is manufactured at the Marshall compactor on a base made of two semicircles with a projection at the contact area, which creates a cleft in the central part of the specimen, and an anchoring system where tensile efforts are to be applied. The test can be carried out in static mode by applying a fixed deformation speed or else, in the dynamic mode, by applying a sinusoidal load at constant amplitude and frequency. The first procedure is used to determine the maximum tensile strength, the fracture energy and breaking deformation of the mixture, and the second to study its fatigue performance.
In static mode, the test consists on applying a displacement at a uniform speed of 1.0 mm/minute, keeping a constant temperature of 5ºC, up to reaching a zero load, i.e., up to the complete breaking of the specimen. During the test, the tensile stress is recorded depending on the displacement ( ) and thus the fracture energy can be evaluated and, at the same time, we can obtain the values corresponding to the maximum tensile strength and its breaking deformation, dR. [1] .
For the dynamic mode, by using the same mechanical devices as in the static test, the specimen is subjected to fatigue, i.e., to a tensile dynamic load up to its cracking, see Figure 1 . The load changes with time according to a 10 Hz sinusoidal function and the test is carried out at a 5ºC constant temperature. The test ends when the cracking generated by fatigue is spread throughout the whole thickness and the specimen is divided in two parts. In this procedure, the number of load cycles applied (N) are gathering and the unitary strains ( s ) made on the upper fibre of the specimen are measured by a strain-gage. Besides, the clamp aperture produced during the fatigue test is recorded in micron. The fatigue resistance of the mixture, the cycle number up to cracking, is linked in this test to the unitary strain of the lower fibre in the specimen ( i ), which is where cracking begins. This is calculated from the applied load (P), the geometry of the specimen and from the unitary strain measured at the upper part of the specimen ( s ), with a strain-gage. By changing the stress amplitudes, we can obtain the fatigue law for the tested asphalt mixture and their stiffness modulus S m [2] , [3] .
Work executed and results obtained
These two modes of the BTD Test have been applied in laboratory in order to determine toughness and breaking deformation, as well as to characterize the performance for fatigue cracking in dense (D8) and porous (P5) asphaltic mixtures. All mixtures were prepared with 4.5% of asphalt binder on the aggregate weight. Two kinds of bitumen were used, a standard one with a 60/70 penetration and a SBS polymer-modified one. The aggregates grading are described in Table 1 . Table 3 . However, the most important finding was to obtain the "accumulated deformation curves" where, graphically, you can see the damage caused by the repetition of stress to the mixture, from which we obtain the "critical deformation", dC. 
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160 kg 120 kg 100 kg With a close analysis of the accumulated deformation curves it is clearly noticeable that the dC, for D8 mixtures with standard bitumen, ranges from 0.5 to 0.6 mm (see Figure 3) , whereas those produced with modified bitumen (see Figure 4 ) have a higher dC ranging from 0.7 to 0.8 mm. Therefore, the critical deformation, dC, is different for each type of mixture and it does not depend on the strength amplitude at which specimens are subjected to. Therefore, this critical deformation dC, which is characteristic for each mixture, can be considered as a new parameter to calculate fatigue cracking resistance. Thus, generally and for the same type of mixture with similar modulus and void content, it can be said that the higher its critical deformation dC is, the higher its fatigue cracking resistance will be.
Correlations
The main objective of this work is to study the fatigue performance of bituminous mixtures and its relation with toughness. After carrying out the BTD test in static mode, it was noted that each mixture has a characteristic "breaking deformation", dR. With the dynamic mode, apart from fatigue laws and the stiffness moduli, accumulated deformation curves are obtained for each mixture, where a parameter named "critical deformation", dC, was observed, which is unique for each mixture, regardless of the magnitude of the applied stress. After analysing the results obtained (three types of mixes and four types of binder), good correlations between the values determined in static mode (dR) and in dynamic mode (dC) for the BTD test were found [4] . The two characteristic parameters of the same mixture show that the higher the breaking deformation dR is, the higher the critical deformation dC is. It was thus verified that a very good correlation exists between breaking deformation dR and the value corresponding to critical deformation dC for each mixture, as it can be seen in Figure 5 . There are also good correlations if we link the critical deformation dC of the dynamic mode to the maximum load or specific energy obtained in static mode, although the results are not shown here.
Another very interesting relation was found on data corresponding to the dynamic mode of the test because there is a clear "trend" to link the resulting quotient between unitary strain and critical deformation ( i /dC), with fatigue life (N), not only for the dense mixtures but also for the porous ones, as Figure 6 corroborates.
The previous fact is very relevant because if we have correlations for different mixtures between toughness (dR) and fatigue (dC), as shown in Figure 5 , we will be able to predict the fatigue cracking resistance using only the BTD test in the static mode. To find the critical deformation dC, it could be enough to obtain the breaking deformation dR. We have other correlations that relate the unitary strain imposed with the critical deformation ( i /dC) and fatigue life N. Then, by applying Figure 6 , which links the quotient of unitary strain and critical deformation ( i /dC) with fatigue life, we can obtain the number of load cycles N, that the mixture is able to bear before cracking, i.e. its fatigue cracking resistance.
Conclusions
This testing procedure, the direct tensile BTD test, allows the characterization of fatigue cracking and studying their relationship with the toughness of different bituminous mixtures. By carrying it out in the static mode, we can obtain the load-displacement curves, the specific fracture energy, tensile strength and a very important data: "breaking deformation", dR, which characterises each mixture. If the test is performed in the dynamic mode we obtain new direct tensile fatigue laws as well as stiffness modulus, apart from the accumulated deformation curves where we found an essential data: the "critical deformation" dC. This parameter corresponds to the plastic deformation, which represents the accumulated damage caused by fatigue and from which cracking spreads very quickly until the mixture is broken. The value corresponding to critical deformation, dC, is characteristic for each mixture, regardless of the amplitude of the stress applied.
Another very important finding was to discover that the critical deformation, dC, is related to the breaking deformation, dR. Besides, we found out that the fatigue life of a mixture depends on the relation between the imposed unitary strain i and the critical deformation dC, as well as on the mixture modulus. Therefore, it can be said that the higher the modulus and breaking deformation dR are, the better the performance or fatigue cracking strength of the mixture will be.
This direct tensile BTD test, allows for the evaluation of fatigue cracking resistance of bituminous mixtures in an easy and quick way. Further, it can also help to improve the mix design at laboratory in order to obtain a better fatigue performance of the pavements.
